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1.  INTRODUCTION 


Cun  barrel  erosion  is  a complex  process  involving  high  temperature 
chemical  and  mechanical  interactions  between  barrel,  propellent  combus- 
tion gas,  and  projectile.  The  interior  surface  of  a typical  used  gun 
barrel  has  several  layers  that  show  the  effects  of  temperature,  mechanical 
stresses,  and  chemical  attack.1  In  addition,  part  of  the  surface  has 
been  removed  by  melting,  abrasion,  or  evaporation  and  cannot  be  observed 
directly.  The  remaining  surface  layers  have  been  found  to  contain  carbon, 
nitrogen,  and  oxygen  In  compounds  with  iron. 

Objective 

The  objective  of  the  present  study  is  to  understand  the  role  of 
transient  chemical  species  in  combustion  gases  in  the  erosion  of  steel. 
Such  chemical  interactions  between  propellant  gases  and  the  steel  sur- 
face can  change  the  chemical  nature  of  the  surface  or  can  lead  to  higher 
metal  surface  temperature  due  to  exothermic  reactions. 

Atomic  Free  Radicals  in  _Proj)e  1 lent  (las 

Ahmad1  has  pointed  out  that  during  its  life  a gun  barrel  is  exposed 
to  the  propellant  environment  for  a total  of  only  about  10  to  20  sec. 

The  reactions  of  steel  with  molecular  gases  are  not  fast  enough  to 
account  for  the  extent  of  reaction  observed  on  gun  barrels  after  such 
short  exposure.  Therefore,  it  appears  that  reaction  of  free  radicals 
or  other  excited  gaseous  species  with  steel  must  play  a major  role  in 
incorporating  interstitial  elements  into  the  steel  from  the  propellant 
gas. 

Equilibium  calculations  of  propellant  gas  compositions  show  that 
gaseous  free  radicals  must  be  present.  For  example,  calculations  made 
for  gun  propellent  IMR  4198  show  that  hydrogen  atoms  constitute  a few 
tenths  of  a percent  of  the  equilibrium  gas.  Because  the  pressure  inside 
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a gun  barrel  reach  thousands  of  atmospheres,  the  equilibrium  hydrogen 
atom  pressures  exceed  one  atmosphere.  Other  free  radicals  such  as  N, 

OH,  0,  etc.,  have  smaller  concentrations  in  the  equilibrium  gas. 

The  surface  of  a burning  particle  ot  propellant,  however,  is  far 
from  equilibrium.  The  conditions  there  are  probably  like  those  in  a 
flame,  where  the  concentrations  of  free  radicals  are  high."1  In  fact, 
the  propagation  of  the  very  rapid  chemical  reactions  that  result  in  a 
flame  occur  by  free  radical  mechanisms.  Therefore,  in  the  vicinity  of 
the  burning  front  of  a propellant  particle  there  must  be  larger-than- 
equilibrlum  concentrations  ot  atomic  free  radicals.  These  radicals 
recombine  as  they  diffuse  away  from  the  flame;  however,  the  recombination 
of  two  atomic  radicals  requires  the  involvement  of  a third  body  to  remove 
the  reaction  heat.  Metal  surfaces  are  generally  good  catalysts  tot- 
gaseous  atom  recombinations,  and  the  reactions  of  gaseous  atoms  on  metal 
surfaces  have  been  studied  extensively.3  However,  most  of  these  studies 
have  emphasized  the  reaction  between  gaseous  substances,  that  is,  radical 
combinations,  rather  than  the  effects  of  radicals  on  the  metal  surface. 

Free  radicals  are  expected  to  react  at  metal  surfaces  in  two  ways. 

They  can  recombine  to  form  stable  gaseous  products.  In  that  case,  the 
metal  surface  acts  as  a catalyst  for  the  recomb inat ion.  The  heat  of 
recombination  is  transferred  mainly  to  the  metal,  causing  a significant 
temperature  increase.  O'h is  is  the  basis  for  the  atomic  hydrogen  torch''. 

Alternatively,  the  free  radicals  can  react  with  the  substrate  metal  and 
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penetrate  into  the  bulk  ot  the  metal.  The  elements  in  those  free  radicals 
all  can  form  interstitial  compounds  and  solutions  with  metals,  and  the 
reactions  would  form  a surface  layer  of  metal  with  altered  properties. 

Reduction  of  the  thermal  conductivity  of  the  layer  by  the  reaction  would 
lead  to  increased  surface  temperatures  and  possibly  melting.  Wear- 
reducing  additives  might  be  expected  to  influence  the  surface  reactions 
of  free  radicals.  The  additives  may  provide  catalytic  surfaces  for 
recomb inat ion  and  so  decrease  the  concentrations  of  radicals  reaching 
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the  metal;  or  they  may  poison  active  sites  on  the  metal  surfaces  and 


thereby  reduce  the  rate  of  reaction  of  the  radicals  that  lead  to  pene- 
tration Into  the  metal. 

Methodology 

We  studied  the  ettects  ot  atomic  tree  radicals  on  specimens  of  A1S1 
4140  steel,  a type  similar  to  gun  barrel  steel.  Steel  strips,  maintained 
at  a constant  temperature  in  the  range  of  400''  to  400'' C,  were  allowed  to 
react  with  hydrogen,  nitrogen,  carbon  monoxide,  and  methane  that  were 
partially  dissociated  by  microwave  discharge.  Parallel  control  experi- 
ments with  undissociated  gases  were  also  performed.  By  heating  strips 
of  steel  in  a helium  atmosphere,  we  determined  how  heat  treatment  alone 
affected  the  properties  ot  steel  specimens.  Steels  plated  with  chromium 
and  titanium  dioxide  were  also  used  to  study  the  behavior  ot  such  coatings 
in  the  presence  ot  atomic  free  radicals. 

After  the  steel  specimens  were  exposed  to  the  reactive  gases,  they 
were  analyzed  by  various  techniques.  Scanning  electron  microscopy  (SEMI 
was  used  to  observe  surface  morphology.  X-ray  fluorescence  in  SEM  was 
used  to  estimate  the  elemental  composition  of  the  specimens  in  the  1 - ,jn- 
thick  region  near  the  surface.  Auger  electron  spectroscopy  fAES),  in 
conjunction  with  argon  ion-sputtering,  was  used  to  determine  the  com- 
position profile  within  this  1-pm-thick  layer.  A Vickers  microhardness 
tester  with  a 200-g  load  was  used  to  measure  changes  in  hardness  alter 
various  treatments.  Optical  metallography  revealed  the  microstructure 
on  the  surface  and  in  the  interior  of  the  specimen  after  the  specimen 
was  taper  polished  15°.  Chemical  analyses  indicated  bulk  composition 
changes . 
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2.  EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

A microwave  discharge  is  .in  establ i shed**  and  convenient  means  to 
generate  a flux  of  atoms  in  a stream  of  diatomic  gas  at  subatmospheric 
pressure.  The  technique  can  produce  stead-state  concentrations  of 
hydrogen,  nitrogen,  or  oxygen  atoms  in  the  range  of  1%  wo  10";  of  the 
total  pressure  of  the  respective  diatomic  gas  at  pressures  near  one  torr. 
Atoms  of  these  gases  are  highly  reactive,  and  they  are  lost  rapidly 
through  recombination,  both  in  the  gas  phase  by  way  of  three-bodv  colli- 
sions and  on  surfaces  in  processes  that  involve  at  least  one  chemisorbed 
atom.  Consequently,  to  obtain  a reasonable  atomic  flu.  incident  on  a 
steel  surface  of  interest,  the  steel  specimen  must  be  relatively  close 
to  the  atom  source. 

Figure  1 shows  a schematic  of  the  apparatus  used  in  our  experiments. 
The  main  chamber  is  a section  of  10-cm-lD  Pyrex  pipe  with  an  integral 
flange  that  accommodates  a cap  with  five  0-ring-sealed,  0.6-cm-tube 
fittings.  These  fittings  provide  access  for  electrical  feedthroughs, 
mechanical  supports,  and  chemical  titrants,  depending  on  the  needs  of 
the  experiment.  The  chamber  is  connected  through  a liquid  nitrogen  trap 
to  a 2-liter-sec_ 1 mechanical  pump.  At  one  end  of  the  chamber  the  mixture 
of  atomic  and  molecular  gas  enters  through  a fused  silica  tube  1.2  cm  in 
diameter.  The  silica  tube  passes  through  a microwave  cavity  where  a 
discharge  is  excited  within  the  tube.  The  cavity  is  a foreshortened 
1/4-wave  coaxial  type,  and  its  characteristics  are  described  by 
Fehsenfeld  et  al.4*  Microwave  power  at  2450  MHz  is  supplied  to  the 
cavity  by  a magnetron  driven  from  a regulated  power  supply.  The  dis- 
charge region,  located  approximately  10  cm  upstream  from  the  outlet  of 
the  quartz  tube,  is  the  atom  source.  Gas  enters  the  system  through  a 
needle  valve  at  the  inlet  of  the  quartz  tube.  The  steady  state  pressure 
in  the  chamber  is  monitored  by  a Validyne  pressure  transducer,  calibrated 
against  a Wallace  and  Tiernan  aneroid  dial  gauge. 
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hydroqen  atoms  fili||)  .mil  uitroqen  dioxide  molecules  fill  1 coi  i esponds 
to  the  rat  io 


The  results  ol  siu'li  a titration  i ml  i oat  oil  a hydroqen  atom  pa  it  lal 
pressure  ol  0.08  ton  lor  a total  pressure  ol  1 tori'  at  t lie  normal  sample 
local  toll.  These  results  are  in  quod  agreement  with  the  ealorlmeti  ie 
measurement  reported  above. 

in  subsequent  experiments,  minor  moil  1 1 leal  ions  to  the  l used  silica 
inlet  section  ot  the  apparatus  were  made  to  til  enhance  the  tract  tonal 
concent  rat  ion  ol  hydrogen  atoms  in  the  pas  stream  and  (..’l  to  eliminate 
tile  transport  into  the  ehamhei  ol  a silicon  oxide  species  that  apparently 
is  react ively  sputtered  oil  ol  the  silica  wall  in  the  discharge  reqlon. 

The  atom  qeuerat  ion  rate  Is  enhanced  by  t tie  addition  ol  a small 
amount  ol  water  vapor  to  the  hvdroqcn  supply  stream.  Although  the 
mechanism  ot  enhancement  Is  not  established,  the  teehnlque  has  been 
by  many  invest  iqat ors . To  prevent  water  vapot  I rom  enterlnq  the  main 
chamber  ol  the  apparatus,  a I'-bend  was  i ncorporat ed  In  the  silica 
tube  between  the  discharge  and  the  outlet.  The  U-bcnd  Increased  the  dis- 
tance between  discharge  and  specimen  to  itl  cm.  The  ll-bend  was  relriqer- 
ated  by  immersion  in  a dry  ice-acetone  mixture  to  condense  nonpermanent 
pas  ,‘ous  Impurities  In  the  flow  stream.  Amonq  the  impurit  ies  removed  by 
this  method  were  the  silicon  oxide  species  oriqlnatlnq  in  the  discharge 
reqlon.  Hydroqen  atom  loss  in  the  cold  sect  ion  was  minimal,  because  the 
recomb  hint  ion  eltielenev  ol  hydroqen  on  silica  diminishes  at  subamblont 
temperatures  In  accordance  with  an  activation  enerqy  ol  about  .’  kcat 
mole-  . At  J00  K,  the  rate  ot  rocomh luat ton  ot  hydroqen  atoms  on  lused 
silica  is  only  one-tilth  its  value  at  room  t emperat ure . " Tor  qasos 
other  than  hydroqen,  the  li-tube  trap  was  not  used.  The  discharqe  was 
located  In  a stralqht  silica  t tibe  approximately  10  cm  upstream  I rom  the 
location  ot  the  sample, 
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Samples  of  Type  4)40  steel  were  exposed  to  atomic  tree  radicals  in 
this  apparatus  for  various  periods  ol  time  and  at  various  temperatures. 

The  steel  specimens  were  4.4-om  by  0. 32-cm  strips  cut  from  0.1  cm  sheet 
that  had  been  rolled  from  (l.b)S  cm-thlck  billets  tempered  to  Rockwell 
C 40  hardness.  The  specimens  were  polished,  then  mounted  in  a fixture 
that  permitted  them  to  be  heated  by  passage  of  an  ac  current  (up  to  40  A) 
and  that  held  them  in  the  chamber  so  the  center  region  of  the  specimen 
intercepted  the  gas  stream  from  the  silica  tube  at  a distance  ol  approxi- 
mately 10  cm  from  the  atom  source  (10  cm  with  the  11-tube  trap).  The 
temperature  of  the  specimen  was  monitored  by  an  iron-const  ant  an  thermo- 
couple spot-welded  to  its  back  side  midway  between  the  ends.  A 1-em 
region  in  the  center  of  the  specimen  had  a uniform  temperature  (j  15"(') 
when  the  specimen  was  heated  to  ‘)00"C.  At  the  end  of  the  exposure  period, 
the  microwave  discharge  was  extinguished,  and  the  specimen  was  allowed 
to  cool  in  the  ambient,  undtssoclated  gas.  The  chamber  was  then  back- 
filled with  air,  and  the  specimen  was  removed  for  examination  by  various 
physical  and  chemical  techniques. 


8 


r 


).  RFSDI.TS  AND  DISCUSSION 


Interact  ion  of  4340  Steel  with  Nonexcited  Cases 

Hel ium 

The  mechanical  properties  ot  steel  depend  heavily  on  previous  heat 
treatment.  The  unreacted  steel  specimens  had  a hardness  410  a 40  VPHN* 
(R^  52), t and  the  microstructure  was  that  ot  tempered  martensite  (see 
Figure  2).  Specimens  treated  In  helium  atmosphere  will  indicate  the 
effects  of  heat  treatment  In  the  absence  ot  any  chemical  Interactions. 

A two-hour  treatment  In  helium  at  400°C  did  not  considerably  change 
either  the  hardness  or  the  nl crust ructure  ot  the  specimens.  Specimens 
heated  at  600°C,  for  two  hours  in  helium  were  softened,  l.e.,  the 
hardness  decreased  to  285  Vl’llN  (K  28).  However,  In  the  specimens  heated 
to  900“C  in  helium  for  two  hours  and  subsequently  cooled  to  room  tempera- 
ture, the  hardness  increased  to  550  Vl’HN  (K  52),  and  t he  minost  nuture 

c 

was  that  of  fine  martensite.  This  result  is  due  to  heating  tin-  specimen 
above  the  austenizing  temperature  followed  by  rapid  quenching  8"C 
sec-1)  to  form  martensite.  Table  1 summarizes  the  effects  ot  heat 
treatment,  and  Figure  3 illustrates  the  microstructure  changes. 

Hydrogen 

Because  molecular  hydrogen  constitutes  the  hilk  ol  microwave  excited 
gas,  experiments  with  undissociated  hydrogen  were  performed  to  determine 
the  effect  of  molecular  hydrogen  on  the  steel.  As  with  helium,  at  400 “ll 
no  significant  changes  were  observed  (see  Table  2).  When  the  specimens 
were  exposed  at  600°C  for  two  hours,  the  hardness  was  reduced  to  2b()  Vl’HN 


"vickers  Pyramid  hardness  number. 

^Rockwell  0 hardness  number  converted  I rom  VPHN. 
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Table  1 


EFFECT  OK 

HEAT 1 NO  AND 

0001. t NO  A 

4 140  STEF.l.  STRIP 

Temperature 

Time 

Hardness 

Microst ruct  ure 



i,Min) 

tVPHN 1 

Microst ructure 

Unreacted 

0 

420 

Tempe red  ma r t ens 1 1 e 

400 

120 

420 

Tempered  mart ens i t e 

600 

120 

290 

Tempered  mart ens i t e 

600b 

120 

S40 

Fine  martensite 

a200-g  load; 
^Cooling  rate 

VPHN : Vicker 
~ 8"0  sec'1 

s Pyramid 

hardness  number. 

II 


EFFKCT  OF  HEAT  INC  4 J40  IN  M01.ECUl.AR  HYDROOEN 


Temperature 

ro 

T lme 
fMln) 

Hardness 

(VPHN) 

Unreacted 

0 

420 

400 

120 

4 2 b 

bOO 

120 

2b0 

900 

120 

SdO 

900 

420 

“idO 

a200-g  load. 

“Chemical  analyses  performed  hv  Mo 
1142  Howard  Street,  San  Francisco 
cNot  measured. 


Carbon  Content*1 


Microst ructure 

twt  l ) 

Tempo re d ma r t mis i t e 

0.4 

Tempered  martensite 

NMC 

Tempered  mart ens ite 

NM 

Fine  martensite 

NM 

Coarse  martensite 

0.4 

;i  1 1 urgica  l l.aborat  or  ies  , 
Ca  1 i t orn  i a 

Inc . 

iR  -4).  At  900°C  anil  after  seven  hours  of  exposure  to  hydrogen  gas  at 
1 torr  pressure,  the  specimens  showed  no  significant  change  in  carbon 
content  and  had  a hardness  value  ol  about  595  Vl’HN  (,K  551.  These  results 

c' 

are  very  similar  to  those  obtained  with  helium. 

The  absence  ol  decarburization  under  our  experimental  conditions  at 

900°C  Is  not  surprising.  Turkdogen  and  Martonik'*  have  investigated  the 

decarburization  of  plain  carbon  steels  from  800 'V  to  1140"T  in  hydrogen 

atmosphere.  They  concluded  that  the  kinetics  were  controlled  by  the 

surface  chemical  reaction  and  that  the  rate  ol  root  ion  was  proportional 

to  p . From  the  extrapolation  ol  their  data,  we  estimate  that  with 
h 2 

1 torr  pressure  of  hydrogen  an  exposure  ol  about  4000  hours  would  be 
required  to  reduce  the  carbon  content  ot  a 0.4  carbon  stool  bv  0.05... 

Interact  ion  of  4140  Steel  With  Pasoous  Free  Radicals 

Hyd  rojje  n A toms 

A major  portion  of  our  investigation  was  devoted  to  studying  the 
effect  of  hydrogen  atoms  on  steel  because  t hermodyuamio  calculations 
indicated  that,  in  the  propellant  gas  mixture,  hydrogen  atoms  would  be 
the  most  abundant  free  radical.  We  calculated  that  in  the  combust  ion 
gas  from  propellant  IMR  4148,  hydrogen  atoms  constitute  a few  tenths  ol 
a percent  of  equilibrium  gas,  and  the  total  pressure  ot  hydrogen  atoms 
could  exceed  one  atmosphere  for  a total  pressure  of  50,000  psi  in  a gun 
barrel . 

When  hydrogen  atoms  impinge  on  a specimen,  about  10"..  to  10.  ot  the 
atoms  recombine  on  the  surface,  liberating  a large  amount  ot 
heat3  1. 1 04  kcal  mole-1).  This  recombination  heat  was  found  to  be  ~ 10". 
of  the  electrical  power  applied  to  the  specimen  at  900°C.  When  the 
electrical  current  was  not  reduced,  the  temperature  ot  the  specimen 
increased  by  ~ 65°C. 

Table  1 summarizes  the  results  ot  t hi'  ot  toots  ot  hydrogen  atoms 
on  steel.  At  400 "C,  the  effect  of  hydrogen  atoms  at  low  pressure  on 
steel  seems  to  be  negligible,  and  the  steel  specimen  showed  no  change 
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VKKK.lT  OK  HKATINC.  •*  '-*0  SVK.Kl  IN  IlYl'Kt'OKN  ATOMS’* 


Tomporat  tiro 

(,".C\ 

1'  imo 
t^MliO 

1 20 

Hardness'' 

(VPHN) 

Mlorost  mot uro 
iVKIlNt 

Carbon  Contont 
vwt  ) 

400 

4 SO 

tempo  i Oil  ilia i t oils  i t o 

NMV< 

600 

to 

2 70 

fomporoit  mart  ons  1 1 o 

NM 

600 

4S 

270 

Ko  lilt  t'  K t ompoi  i'd 
mat t ons  i t o 

NM 

600 

60 

260 

Korrtto  * tomporoil 
mart  otts i t o 

0 . 4 

600 

t.’O 

220 

Korrtto  on  t tio  sttr- 
laoo.  t ompoi  oil  mai - 
t oils  1 1 o 6o  low 

it . 4 

900 

10 

SOS 

K I no  ilia  i t ons  1 1 o 

NM 

900 

10 

.'so 

Ko r i 1 1 o ♦ mat t ons  1 1 o 

0.78 

900 

60 

200 

Most l v Ko i i 1 1 o . 
mart ons 1 1 o bo  tow  t ho 

snr 1 aoo 

0 . 1 9 

900 

1 20 

2 10 

Korrito  up  to  Sit  j.au 

Hoop 

0.16 

900 

420 

ISO 

Most  tv  1 o t t 1 1 o 
throughout  t ho 
spoo imon 

o.os 

4,0.l  tow  atomic  hydrofoil  i n 0.9  tori  molootit.it  hydrofoil. 
b200-)t  load. 

l’ Chemical  attalvsos  woio  pertormod  t'v  Mot  at  lurr.lcal  labs,  tuo., 
114.'  Howard  St  root,  Satt  Krauolsoo,  Cat l t orula. 

''Not  moasurod. 


IS 


in  elthei  microhm dness  or  in  mictost  nuturo.  At  bOO'Y,  the  spec  imen 
softened  consldet ablv  utter  being  exposed  to  hydrogen  atoms.  The 
softening  was  partly  due  to  t lu-  t emporium  similar  to  that  observed  in 
hydro^on  or  ht'lium.  A certain  amount  ot  suit. too  dccarbur izat ion  was  also 
observed  and  contributed  to  the  loss  ot  hardness.  Mleroseopie  obsorva- 
t ion  ot  the  speeimen  surtaee  revealed  the  presence  ot  territe,  and  the 
amount  v't  territe  on  the  surtaee  ineteased  with  increasing  exposuie 
fsee  Figure  *1.  Samples  heated  in  helium  ot  und  Issociat ed  hvdrogen  at 
bOO''i'  did  not  exhibit  anv  territe  on  the  surtaee.  We  interpret  the 
presence  ot  territe  grains  on  specimens  exposed  to  hvdrogen  atoms  to 
indicate  deear 'bur  izat  ion  ot  t lit*  surface.  then  though  theta1  was  evidence 
ot  deenrbur  izat  ion  at  bOO'Y,  hulk  chemical  analyses  .lid  not  indicate  anv 
loss  ot  carbon;  therefore,  the  decarbur  izat ion  was  apparent  Iv  limited  to 
a thin  layer  neat  t lie  surtaee.  On  the  othet  hand,  the  carbon  mav  have 
reacted  with  dlss.'lved  hvdrogen  t term  methane  and  mav  have  become 
trapped  in  microvoids.  Vhe  tormation  ot  such  voids  with  h i j.;h  pressure 
hydrogen  gas 1 0 has  been  reported.  Methane  trapped  in  such  mievovoids 
would  have  been  reported  as  dissolved  carbon  in  the  standard  met  al  lurgical 
ana  lyses. 

At  dt)0"i',  in  the  austenite  phase  region,  decat  bur  i cat  ion  by  hydrogen 
atoms  was  rapid.  As  showtt  in  1'able  ',  the  carbon  content  ot  the  specimen 
decreased  subst  ant  ial  l\  with  t ime  ot  exposure  to  hydrogen  utter  10  minutes 
or  more.  At  the  end  ot  ».’0  minutes,  the  carbon  content  had  decreased  to 
approximately  0.01..  The  into t ohar dnesscs  ot  the  specimens  decreased 
monoton  lea  1 1 v with  exposure  time.  The  high  hardness  value  ot  the 
speeimen  exposed  to  hydrogen  atoms  tot  10  minutes  was  due  to  martensite 
formation.  The  rale  vost  met  ure  v't  thv1  specimen  expv'sed  tv'  hvdrogen  at  v'ms 
for  v'tie  hour  consisted  v't  a mixture  v't  territe  and  martensite.  At  the 
end  v't  a two-houi  exposure,  the  microst  met  ure  Cv'nsisted  mainly  v't 
territe  tv'  a depth  v't  t'O  ^att.  A seven-hour  exposure  resulted  in  tettite 
throughout  the  specimen.  Figures  ''  and  f>  illustrate  the  changes  in 
mlerost ructures  ot  IS1'  taper  cut  specimens  utter  various  react  ion  periods. 
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MICROSTRUCTURES  OF  SPECIMENS  EXPOSED  TO  HYDROGEN  ATOMS  AT 
600° C FOR  45  MINUTES  (top)  AND  120  MINUTES  (bottom) 


FIGURE  4 


LTSStaf 


FIGURE  5 


MICROS T HUCTURES  Of  IS  TAPER  CUT  SIM  COM  \S  : \»'OSI  0 lOU'iOROGEN 
ATOMS  AT  000  C FOR  10  MINUTES  ttop'  ANO  1 OR  00  V NOTES  (bottom!  The 
left  - li.iiul  'bo  •>  ni'jt  tlii’  surt.iee 


FIGURE  6 


MICROSTRUCTURES  OF  15  TAPER  CUT  SPECIMENS  EXPOSED  TO  HYDROGEN 
ATOMS  AT  900  C FOR  120  MINUTES  (top)  AND  420  MINUTES  (bottom).  The 
left-hand  edge  is  near  the  surface. 


Tho  amount  ot  oarbon  removed  I t out  a specimen  at  ‘HH'Y  in  t ii»'  presence 
of  hydrogen  atoms  Is  plotted  in  Figure  7 as  a lunct  ion  ol  the  square 
root  of  tlio  exposure  i lino.  A 1 inoai  rolal  louship  was  obtained.  because 
tho  geomot  rv  ol  tho  specimens  is  planat  , this  squat o i oot  ot  I imo  rola- 
tlonsliip  iiulloatos  lliai  docarbur i/at ion  was  controlled  hv  ililtusion 
through  tho  soliil.  hit  fusion  t (trough  a pas  boundary  layer  or  ot  Ihm 
gaseous  transport  prooossos  could  not  account  lot  tho  observed  t (mo 
depondonoo  ot  tho  roaot  ton.  Thoro  aro  two  prooossos  whoso  ratos  could 
follow  tho  obsorvod  t lino  dopondonoo  and  lionoo  oonld  ho  tho  rato 
oont rol 1 lngl 

tit  lti  I fusion  ot  carbon  through  tho  st  oo  1 to  tho  surlaoo 

t.’l  Oil  t vision  ol  hvdrogon  into  tho  stool. 

Tho  diffusion  ot  hydrogen  in  stool  is  rapid''  th  - 2 x 10'"  cmJ 
sec"  at  blHf'Yf.  Process  tJl  is  too  rapid  to  account  lot  tho  obsorvod 
dooarhut  i /at  i on  ratos.  Moreover,  lot  l'toooss  t.’l  t o ho  vtahlo,  mothano 
produood  within  t In'  spooittunt  must  dilluso  through  oraoks  ot  ho  t rappod 
In  voids  in  tho  spooimon.  No  stiolt  oraoks  ot  voids  wo  tv  obsorvod  in  out 
spootmons  allot  tho  roaot  ion.  It  mothano  was  t rappod  in  miorovotds  t oo 
small  to  ho  obsorvod,  it  would  havo  boon  Included  in  tho  analyst's  lot 
dissolved  earhon. 

I'o  determine  t ht*  nature  ot  gasoous  roaot  ion  produots,  wo  oollootoil 
tho  roaotor  oltluont.  t'ho  gasoous  products  I tom  a spooimon  maintained 
at  ‘>00  T'  lot  t.’O  miuutos  wore  ool  looted  in  a molooulat  sieve  hod  vl  indo 
I kept  at  77  K.  I'lton  tho  moloculnt  sieve  trap  was  removed  and  taken 
t o a gas  ohromat  ogtapli  .*  l'lto  sieve  was  boated,  and  tho  evolved  gases 
wore  analyzed.  Allot  tho  sieve  wanned  t o room  temperature,  only  hvdrogon 
was  dotootod.  When  tho  sieve  was  lurthor  heated  to  ISO'Y,  a signit  leant 
amount  ot  mothano  ami  additional  hvdrogon  wore  I ound  in  tho  evolved  gases. 


Hewlett  I'aokard  VtO  Kt'soarolt  oltt  omat  ogtaplt  equipped  with  Itinla  ‘‘A 
Mi’looulat  sieve  eolumn  and  (ht'rmal  conduct  ivitv  dott'otor. 


The  quantity  of  methane  evolved  was  not  measured  because  the  apparatus 
was  not  equipped  for  a quantitative  determination. 

Titus,  d iff  us  ion  of  carbon  from  bulk  to  the  surface,  appears  to  be 
rate  controlling*  The  diffusion  coefficient  of  carbon1*  in  austenite 
at  90l)"C  is  1 x 10  7 cm*  sec-1.  Because  t It*1  specimens  in  our  study  were 
0.1  cm  thick,  they  could  not  be  considered  as  semi-infinite  solids  for 
the  purpose  of  estimation  the  diffusion  rate  of  carbon  from  bulk  to  the 
surface.  The  transition  from  the  semi-infinite  slab  model  t o the  thin 
slab  model  occurs  when  the  thickness  t (.thin  slab)  '*.  1.2  Dt  ( vsemi- 
tntinite  slab).  The  thin  slab  approximation  is  valid  when  the  exposure 
time  t is  greater  than  one  hour,  as  was  the  case  in  most  o!  out 
experiments. 

The  amount  of  carbon  diffusing  out  of  a thin  slab  as  a function  of 
time  is  given  by  the  following  equation1’ 
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where  ()  = amount  ot  carbon  diffused  alter  time  t 

c 

Q » maximum  amount  t li.it  can  be  extracted 

x t» 

If  = diffusion  coefficient  of  carbon  in  steel  at  900"('. 

Assuming  all  the  carbon  in  steel  can  be  removed  in  infinite  time,  we  cal- 
culated the  amount  ot  decarburization  as  a I unit  ion  ol  exposure  time. 

The  results  of  the  calculation  are  shown  in  Figure  7.  I’he  extremely 
good  agreement  between  the  calculation  and  the  observed  values  provides 
strong  evidence  that  the  react  ion  rate  is  governed  by  outward  carbon 
diffusion  in  the  steel  (Process  1). 

it  is  of  Interest  to  contrast  the  kinetics  ot  decarburizat  ion  ol 
steel  bv  gaseous  atomic  hydrogen  with  those  reported  tor  gaseous  moleeulai 
hydrogen 1 * For  molecular  hydrogen  the  rate  ol  decarburizat ion  was 


found  to  depend  on  the  3/2  power  of  the  hydrogen  pressure,  which  suggested 
the  following  reaction  sequence: 

3/2  !!,(«)  **  311  (ads) 

111  (ads)  + C (surface  •*  CH 3 (ads) 

CHj  (ads)  + II  (ads)  » CH«(gas). 

The  second  reaction  Is  presumably  the  rate  limit  ing  step.  When  atomic 
hydrogen  is  supplied  to  the  surface,  the  concentration  of  adsorbed  atomic 
hydrogen  is  increased;  therefore  the  rate  of  the  second  reaction  is 
Increased.  In  particular,  we  calculate  from  the  results  oi  Keference  4 
that  for  molecular  hydrogen  under  the  conditions  of  our  experiments 
(900°C,  1 torr  II, , 0.4%C  in  steel)  that  the  rate  of  carbon  removal  would 
be  5 x 10“  2 g.  cm-1  sec-1.  This  rate  would  be  too  small  t o observe,  in 
agreement  with  our  observations  that  molecular  hydrogen  at  low  pressures 
did  not  decarburize  the  steel.  In  our  experiments  with  atomic  hydrogen 
the  rate  of  carbon  removal  decreased  with  time.  The  shortest  time  tor 
which  we  have  data  is  30  min.  At  that  time  the  rate  of  carbon  removal 
was  2 x 10~7  g cm""1  sec-1,  l.e.  , about  five  orders  of  magnitude  faster. 

If  the  1/2  power  dependence  of  rate  on  hydrogen  pressure  is  valid,  we 
estimate  that  a pressure  of  5 atm  of  molecular  hydrogen  would  be 
required  t o produce  the  decarburization  rate  observed  with  atomic 
hydrogen.  Since  the  rate  at  times  smaller  than  10  minutes  was  presumably 
larger,  the  effective  II,  pressure  was  also  presumably  larger  than  the 
cal milated  value. 

Thermodynamically,  the  pressure  of  molecular  hydrogen  that  would  lu- 
lu equilibrium  with  0.1  torr  of  hydrogen  atoms  at  1200  K can  be  calculated 
from  equilibrium  data1’  to  be  105  atm.  Therefore  the  hydrogen  atom 
pressure  was  equivalent  to  much  higher  pressures  ol  molecular  hydrogen 
than  the  5 atm  required  to  account  for  the  observed  decarburization  rate. 

It  is  interesting  to  compare  these  results  with  the  react  Ions  ol 
hydrogen  with  graphite.  The  reaction  rate  of  atomic  hydrogen  with 
graphite  reaches  a maximum  value  at  about  500"C,  then  drops  oft  rapidly 
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as  the  temperature  of  the  solid  is  increased.1*  This  is  in  contrast  to 
the  present  study  in  which  the  rate  of  decarbur lzat ion  of  steel  Increases 
with  temperature.  The  difference  between  the  kinetic  behavior  of  the 
atomic  hydrogen-graphite  system  and  that  of  the  4140  steel  apparently 
reflects  the  fact  that  at  900*0,  the  carbon  in  the  steel  exists  in  solid 
solution  in  the  iron  phase.  Carbon  atoms  at  the  surface  of  such  a phase 
evidently  are  considerably  more  reactive  than  carbon  atoms  bound  In  a 
graphite  crystal  lattice.  Support  for  this  contention  is  provided  by 
recent  studies  on  the  reactivity  of  carbon  adlayers  on  the  surface  of 
nickel  methanation  catalysts.1*  in  these  experiments  it  was  demonstrated 
that  graphitic  carbon  is  substantially  less  reactive  with  hydrogen  than 
carbon  bound  to  the  metal  with  carbidic  bonds. 

In  summary,  atomic  hydrogen  decarbur izes  steel.  The  rate  of  the 
process  is  determined  by  the  rate  of  diffusion  of  carbon  in  austenite. 

The  overall  process  results  in  the  formation  of  methane.  The  probable 
site  of  the  reactions  that  form  methane  is  the  surface  of  the  steel. 

The  observed  changes  in  the  microstructure  and  in  the  properties  of  the 
steel  result  from  the  combined  action  of  decarbur lzat ion  and  heat 
treatment . 

Nitrogen  Atoms 

The  bond  energy  of  the  nitrogen  molecule  (227  kcal  mole-1)  is  more 
than  twice  that  of  the  hydrogen  molecule.  Hence  the  extent  of  the  dis- 
sociation of  nitrogen  molecules  by  the  microwave  discharge  is  rather 
small,  ~ 0.5%.  Strips  of  4340  steel  were  exposed  to  the  partially  dis- 
sociated nitrogen  in  the  same  apparatus  used  for  the  hydrogen  atoms  study 
but  without  the  U-tube.  Vacuum  fusion  analysis  showed  that  the  nitrogen 
content  of  the  specimen  increased  when  the  specimen  was  exposed  to  the 
dissociated  nitrogen  for  two  hours  at  900°C.  After  this  nitriding 


*The  nitrogen  atom  concentrations  during  the  experiments  was  not 
measured . 
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treatment,  the  hardness  of  the  specimen  was  730  VPHN  iR  62)  at  the  sur- 

c 

face  and  the  hardness  decreased  to  670  VPHN  (.R^  59)  at  a depth  of  about 
100  pm.  No  change  in  hardness  was  noted  below  the  100- pm  depth. 

Under  similar  conditions  of  exposure  but  in  the  absence  of  the  micro- 
wave  discharge,  the  specimen  showed  no  increase  in  nitrogen  content  or 
in  surface  hardness.  The  microstructure  of  all  the  specimens  exposed 
either  to  nitrogen  molecules  or  atoms  was  that  of  martensite.  The 
results  of  heating  4340  steel  samples  in  nitrogen  under  various  conditions 
are  summarized  in  Table  4. 


Partially  Dissociated  Carbon  Monoxide  and  Methane 

Preliminary  experiments  were  conducted  with  partially  dissociated 
carbonaceous  gases.  A 10';  00  in  He  mixture  was  passed  through  the  micro- 
wave  discharge  and  was  then  allowed  to  impinge  on  the  steel  specimen, 
which  was  maintained  at  900°C.  A large  amount  of  carbon  soot  was 
deposited  throughout  the  reactor.  After  a two-hour  exposure,  the  speci- 
men did  not  show  any  increase  in  hardness  other  than  that  caused  by  the 
heat  treatment  alone.  Carbon  analysis  of  the  specimen  also  indicated 
no  significant  carburization. 

A 3%  CHi.  in  He  mixture  was  also  passed  through  the  microwave  dis- 
charge and  allowed  to  react  with  the  specimen  at  900°C.  3'he  amount  of 
soot  formed  during  this  process  was  much  smaller  than  that  formed  with 
the  10X  CO  in  the  mixture,  and  the  soot  was  confined  to  the  discharge 
region.  After  a two-hour  exposure,  the  specimen  showed  significant  car- 
burization. The  hardness  at  the  surface  of  the  specimen  was  extremely 
high  940  VPHN  (R  68),  and  the  hardness  in  the  interior  of  a sectioned 

sample  C"700  VPHN,  R 60)  was  also  higher  than  the  hardness  in  the 

c 

specimens  heated  in  helium.  No  bulk  analysis  was  performed.  Metal lo- 
graphlc  observation  revealed  the  presence  of  fine  martensite. 

A similar  exposure  of  the  samples  to  an  undissociated  CH*  in  He 
mixture  did  not  result  in  an  increase  in  hardness.  The  oarbur izat ion 
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of  steel  bv  dissociated  methane  using  radio  frequency  discharge  lias  been 
reported  earlier.*'1 


Kft'oct  of  Hydrogen  Atoms  on  t’oated  Steels 

Preliminary  experiments  were  also  conducted  tc  examine  the  effect  1,1 
hydrogen  atoms  on  steel  surfaces  coated  with  additives,  such  .is  chromium  and 
titanium  dioxide.  These  coatings  were  deposited  onto  clean  steel  bv 
radio  frequency  sputtering.  A layer  ot  chromium  (.about  1 . 5-pm-thiek)  or 
a layer  of  TiOj  (.less  than  0.5-pm-thiok)  was  coated  on  strips  of  4 340 
steel.  SEM  examination  revealed  that  the  coatings  were  very  adherent 
to  the  steel. 

The  coated  strips  were  heated  to  dO0"t’  and  exposed  to  hydrogen  atoms 
for  two  hours.  The  hardness  ot  the  chromium-plat ed  specimen  alter  expo- 
sure was  7 JO  VPHN  (.K  b2)  and  that  ot  the  TiO., -coated  sample  was  540  VPHN 
IK  551.  The  hardnesses  ot  the  unreacted,  coated  specimens  were  4b0 

VPHN  (.K  4b),  that  is,  the  same  as  the  uncoated  samples, 

c 

SEM  analysis  ot  the  TIOj-coated  specimen  showed  that  the  exposure 
to  hydrogen  atoms  did  not  cause  any  significant  change,  either  in  appear- 
ance or  in  composition  as  revealed  by  X-ray  fluorescence  analysis. 

However,  the  exposure  o t the  chromium  plated  specimen  at  400 ‘Y  to 
hydrogen  atoms  produced  pyramid  type  islands  ot  the  iron  substrate, 
penetrating  through  the  chromium  plating  \soe  Figure  8'.  On  the  basis 
of  our  limited  data,  we  decided  that  further  analysis  ot  this  specimen 
and  speculation  on  t lie  cause  ot  the  phenomenon  was  unwarranted. 


Application  ot  the  Present  Results  t o tain  barrel  renditions 

During  firing,  the  Interior  surfaces  of  gun  barrels  are  exposed  to 
high  temperatures  1000  R)  and  high  pressures  40,000  ps l ' tor 
milliseconds.1  In  an  average  gun  tube,  the  temperature  at  the  bore  sur- 
face may  rise  at  the  rate  ot  It)  K sec  1 and  the  pressure  rise  may  ho  ot 
the  order  of  10  psi  sec  1 . Hence,  most  ot  the  processes  occurring  at  the 
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Hence 
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FIGURE  8 EFFECT  OF  HYDROGEN  ATOM  EXPOSURE  (or  heating) 
ON  CHROMIUM-PLATED  STEEL  AT  900  C. 

Top  figure  is  the  morphologv  observed  in  SEM  Bottom 
figure  is  X-rav  emission  from  the  surface.  The  broken 
line  represents  the  emission  ftom  the  substrate  and  the 
solid  line  represents  the  emission  from  top  of  the  islands 
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boro  surt  aoo  Jo  not  occur  unJor  equilibrium  ootulitions.  I'nder  such  non- 
equilibrium  conditions,  the  concent r.u  ion  ot  tree  radicals  is  expected 
to  be  high ; thoretoro,  wo  studied  the  effects  ot  some  ot  the  tree  radicals 
on  stool  under  laboratory  steady  state  conditions. 

We  have  shown  that  the  atomic  free  radicals  are  more  reactive  on 
gun  barrel  steel  than  their  molecular  counterparts.  l'ho  surfaces  of 
the  steel  specimens  are  affected  considerably  hv  these  free  radicals, 
even  at  the  low  pressure  v~  10“"  atm'  used  in  our  study.  To  quantita- 
tively applv  our  low  pressure  results  tv'  the  actual  high  pressure  con- 
ditions in  a gun  barrel  requires  ext rapolat lug  the  data  over  several 
orders  ot  magnitude;  thus,  one  can  speculate  onlv  qualitatively  about 
the  ettects  ot  tree  radicals  on  steel  under  conditions  ot  gam  firing. 

Kamdar  et  al.”°  have  shewn  that  white  layers,  which  consist  ot 
high  carbon  austenite  and  hard  c -carbide  similar  tr  those  found  in  gun 
barrels,  can  be  produced  in  the  laboratory  by  pulse  heating  and  quenching 
steel  specimens  in  a high  pressure  methane  r 1000  psi'  atmosphere.  They 
concluded  that  carbon  is  charged  into  steel  in  the  hig.h  pressure  methane 
atmosphere  and  that  the  rapid  quenching  retains  the  high  temperature 
austenite  phase. 

Carbon  charging  ot  a steel  surtace  can  be  greatly  enhanced  in  dis- 
sociated methane.  Crube  and  rav 1 ° have  shown  that  steel  can  be  case- 
carbut  iced  rapidly  in  a glow  discharge  plasma  at  a methane  pressure  ot 
10  to  JO  tori  and  at  a substrate  temperature  ot  1050'V.  They  have  found 
that  the  carbon  absorpt Ion  rate  greatly  exceeds  the  diffusion  rate  ot 
carbon  intv'  steel.  the  present  study  confirms  the  very  high  activity 
ot  dissociated  methane  even  at  the  low  pressure  ot  0.01  tort.  Moreover, 
the  steel  substrate  need  not  be  situated  inside  the  plasma  but  can  be 
positioned  at  some  distance  downstream.  flic  increased  carbon  content 
results  in  a lower  martensite  format  ion  t ompor.tt  lire J 1 so  that  an 
increased  amount  o:  austenite  is  retained  by  quenching. 

A slmil.it  phenomenon  for  nit  riding  steel  is  found  when  dissociated 
nitrogen  gas  is  used.  Studios  have  shown  that  in  a nitrogen  plasma 


produood  in  .1  r.t.— do  tiold,  nllov  stools  e.in  he  nit  t ided  rapidly  .it  .1 
t empo  rat  uro  tn  t ho  ranpo  ot  S00  to  MHV Y ami  a white  lavor  ot  Ko.X  is 
t ormed  i'n  t ho  suit  arr  ot  stool.  Stmlvinp  t ho  mechanisms  involved  in 
ion  n i t r i <1  ill}-. , limits'  * t omul  that  t ho  do  tiold  responsible  t t nitropen 
ion  bombardment  ot  t ho  motal  snrtaoo  is  nooossarv  tor  nitropen  inoerpo- 
vat  ion  ami  nitridinp.  Pro  1 iminaiv  experiments  conducted  in  SKl's  labor- 
atory havo  shown  that  nitropen  .Hows  produced  in  a microwave  discharpo 
oavi.lv  ran  otloot  ivolv  nitride  •*  IsO  stool  at  *>00 "'i‘  ami  that  ion  bombard- 
niont  is  not  nooossarv  tor  nitropen  inoorporat  ion. 

1'ho  prosont  stmlv  has  shown  t ho  oftioionov  ot  hvdropon  atoms  in 
doearbur  i / inp  ■»  IsO  stool.  At  *>00 ‘V,  doearbur i eat  ion  is  rapid  ovon  at  a 

hvdropon  atom  prossnro  ot  10~“  atm,  and  t ho  kinotios  aro  povernod  hv  t ho 

d i t t ns  ion  ot  oarbon  I r 0111  hulk  to  1 ho  snrtaoo.  Vho  prosont  experiment  al 
rosults,  obtainod  hv  exposing  stool  spooimons  at  0.1  ton  hvdropon  atom 

prossnro  t or  durations  ot  thousands  ot  sooomls,  must  ho  oxtrapolatod  to 

ho  tho  prossnro  oxpootod  in  propellant  p.asos  durinp  pain  tirinp,  that  is. 
to  t atm  hvdropon  atom  pvossuvo  Vov  mi \ \ i sooond  durations.  It  has  boon 
shown  that  format  ion  ot  a i'll,  radio.il  is  rat  o-det  erini  11  i up  stop0''"  in 
doearbur  i rat  ion  ot  austonito  hv  molooular  hvdropon,  and  that  tho  rate  is 
proport  tonal  t o p'  It  tho  formation  ot  i'll,  radie.il  is  still  the 
rat o-eont rol 1 tup  stop  in  tho  snrtaoo  renet  ion  ot  oarbon  in  stool  with 
pnsoous  hvdropon  atoms,  then  it  ean  hi-  shown  that  tin-  snrtaoo  roaot  ion 
rate  would  ho  proport  iotinl  t o p'.  It  tho  roaot  ion  rate  ulittnsion- 
oontrollod  ratoi  observed  at  tho  experimental  0.1  tori  prossnro  is 
oxtrapolatod  to  1 atm  hvdropon  atom  pressure  usinp  this  eubo  power 
re lat ionship , thou  ovon  when  tho  stool  is  exposed  tor  ml  1 1 i sooond , tho 
doearbur  lent  ion  will  ho  limited  hv  solid  state  oarbon  diffusion. 

t'von  t houph  doearbur i/ed  lavors  havo  not  boon  t ound  in  pun  barrels, 
other  potential  ot  tool  s ot  hvdropon  tree  rad  ion  Is  eniinot  ho  ignored. 

Kot  example,  studios  ot  ion  n i t r id iup'  ' havo  shown  that  a plasma  ot 
n it  r opon-hydropoii  mixture  is  superior  to  nitropou  plasma  alone  in 


\0 


in  nit riding  steel.  The  action  ot  hydrogen  atoms  or  ions  in  nitriding 

is  not  established.  Two  prevalent  hypotheses  are  ill  the  reduction  of 

surface  oxides  by  hydrogen  atoms,  thus  providing  a clean  surface  for 

nitriding,  and  l21  the  reaction  of  steel  with  N H free  radicals  in 

x y 

nitriding  steel.  In  propellent  combustion  gases,  the  formation  of  such 
complex  free  radicals  is  likely,  and  nitriding  of  a gun  barrel  bore  sur- 
face by  such  radicals  must  be  considered.  The  "white  layers"  observed 

on  the  bore  surface  have  been  shown  to  contain1  the  iron  nitrides  Fe-N 

‘ x 

and  Fe„N. 

The  above  discussion  is  qualitative  because  ot  the  inability  to 
produce  atomic  free  radicals  in  a controlled  manner  at  high  pressures. 
Also,  the  composition  ot  free  radicals  in  propellent  combust  ion  gases 
is  not  known  with  certainty.  We  have  shown  that  free  radicals  of  tin- 
gases  tested  are  substantially  more  reactive  with  gun  barrel  steel  than 
their  molecular  counterparts , even  in  the  limit  of  very  low  pressures. 
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CONCLUSIONS 


r 


On  the  basis  of  our  experimental  results,  we  make  the  following 
con c lus ions : 

• At  900 "C  and  at  a pressure  of  0.1  torr  hydrogen  atoms,  4 140 
steel  is  decarburized  rapidly.  The  decarburization  is 
proportional  to  the  square  root  of  the  exposure  time. 

and  the  kinetics  of  the  decarburization  are  controlled  by 
the  diffusion  of  carbon  from  bulk  to  the  surface.  At  bOO'C, 
there  is  evidence  for  surface  decarburization,  but  at  400'' c 
the  rate  is  too  small  to  be  observed  under  our  experimental 
cond i t ions . 

• Significant  amounts  of  nitrogen  are  incorporated  into  4140 
steel  strips  at  900°C  by  exposing  the  strips  to  gaseous 
nitrogen  atoms. 

• Dissociated  methane  is  effective  in  charging  carbon  into 
steel  at  900°C,  and  caused  the  formation  of  a carburized 
layer  near  the  surface. 

J Under  our  experimental  conditions  (1  torr  pressure  and  900"Cl 
the  changes  produced  when  the  steel  specimens  were  exposed  to 
undissociated  hydrogen,  nitrogen,  and  methane  were  found  to  be 
negligible. 


The  results  of  our  study  have  demonstrated  that  several  atomic  and 
free-radical  species  in  the  gaseous  state  react  rapidly  with  4140  steel 
to  produce  profound  changes  in  composition  of  the  steel  and  in  its 
mechanical  properties.  The  observed  effects  indicate  that  the  effects 
of  transient  species  in  gun  barrel  erosion  should  be  considered  with 
regard  to  their  role  in  introducing  interstitial  elements  into  gun 
barrel  surface  layers  during  tiring.  Thus  studies  ot  the  interactions 
of  transient  species  and  free  radicals  containing  N and  C would  be 
particularly  relevant . 
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